present in high titers in disease sera, and are relatively monospecific . Therefore, these sera have been used as highly specific immunohistochemical reagents to isolate antigens by immunoprecipitation (13, 14) . In this study, we have selected autoantibodies to Sm antigen, nRNP, and SS-B, and used them as reagents to determine by immunofluorescence the location of the respective nuclear antigens in different phases of synchronized cells . The results show that these nonhistone components have their own specific patterns of distribution within the nucleus, and that the SS-B component is highly concentrated in the nucleolus during the late G1/early S phase of the cell cycle . These observations may be helpful in further studies to determine if these components may have differentiation or regulatory functions .
MATERIALS AND METHODS

Conditions of Cell Culture
Thecell line studied was WiL-2, a line of continuously growinghuman diploid B lymphocytes originally obtained from the spleen of a patient with hereditary spherocytosis ( l5). The cells were maintained in suspension culture on a gyratory shaker. The culture medium consisted of Autopow MEM (Flow Laboratories, Inglewood, Calif.) supplemented with 2 mM glutamine, vitamins, nonessential amino acids, sodium pyruvate, 100 U/ml penicillin, 100 wg/ml streptomycin and l0% fetal bovine serum (Flow Laboratories) . The cells were seeded at a concentration of 2 x 105/ml and normally subcultured every 3 d, except for the synchronization experiments described below. Cell viability was determined by 0.05% trypan blue exclusion method . Formitotic cell enumeration, the cells were treated with 0.2 frg/ml colcemid (Gibco Laboratories . Grand Island Biological M phosphate, 0,15 M NaCI, pH 7 .4), collected on 0.45 pm Millipore filters (Millipore Corporation, Bedford, Mass .), extracted with 5% trichloroacetic acid, dried, and counted in a liquid TCA scintillation counter. Smears were prepared from another 1-ml aliquot of the cell suspension, fixed in methanol-acetic acid mixture (3:1) for 10 min and processed for autoradiography using Kodak NTB-2 nuclear emulsion film . The smears were developed, stained with Giemsa, labeled cells were counted, and a labeling index determined .
Synchronization of WiL-2 Cells
To study the distribution and migration of certain nuclear antigens in cells at different phases of the cell cycle, two methods of synchronization were used . In the first method, WiL-2 cells were synchronized by starvation or density-dependent arrest, as described by Lerner and Hodge (16) . Initially, studies were made to establish the growth characteristics of our line of WiL-2 cells. WiL-2 cells were seeded from a 3-d old culture at a concentration of 2 x 105 /ml and the cell count, DNA incorporation, percentage of DNA synthesizing cells (labeling index), and percentage of mitotic cells (mitotic index) were determined every day for 7 d without addition of fresh culture medium . By the sixth day of culture, labeling index and ['HI-thymidine uptake were <10% of maximum and the number of cells in mitosis was <0.1% of total cells . Thus, it was apparent that these cells were in a phase not related to mitosis or DNA synthesis. These results are consistent with earlier studies by Lerner and Hodge (16) . For further reasons described later (see Fig. 2 ), the sixth day starvation cells were used as those in the G phase of the cell cycle . These 6-day-old cells were used in density-dependent synchronization . Cell cultures at a density of 2 x 10''/ml were grown in fresh complete media. The cells were harvested every 2 h thereafter, and the phase of the cell cycle determined as described above .
In the second method, the double-thymidine block method was used as described by Galavazi and Bootsma (17) . Briefly, 2-d old WiL-2 cells were treated with 2 mM thymidine (Sigma Chemical Co., St. Louis, Mo.) for 16 h . The cells were then washed in fresh media to remove thymidine and cultured again in fresh complete media. 6 h later, 2 mM thymidine was added again and the cultures were incubated for another 16 h . After the second thymidine treatment, the cells were washed and suspended in fresh complete media . Cells were harvested every 2 h thereafter, and the phase of the cell cycle determined in a manner similar to that for density-dependent arrest.
Sera Used for Immunofluorescent Staining
The sera used for these studies came from patients with different connective tissue diseases . Sera containing antibodies to Sm antigen were from patients with systemic lupus erythematosus, those with antibodies to nRNP from patients with mixed connective tissue disease, and sera with antibodies to SS-B antigen from patients with Sjogren's syndrome. The sera were selected from our serum bank and contained high titers of antibodies to the respective nuclear antigens . They were analyzed for antibodies to Sm and nRNP by immunodiffusion, passive hemagglutination, and counterimmunoelectrophoresis and in each of these techniques (1, 3. 18) the sera were monospecific, i .e ., they contained antibody to either Sm or nRNP but not to both . Sera with antibody to SS-B were analyzed by immunodiffusion and counterimmunoelectrophoresis and in addition to the presence of antibody to SS-B, they were negative for antibodies to Sm or nRNP .
Furthermore, these sera did not contain antibodies to other known nuclear antigens such as DNA, nucleohistones, Scl-70 and centromere antigens (7, 8) .
Nevertheless, there was a possibility that some sera might have other antinuclear antibodies that we were not detecting with the available techniques . To control for this possibility, three different sera of each antibody specificity were used to confirm that a certain pattern of cellular staining was consistently reproducible .
An example of immunodiffusion analysis is shown in WiL-2 cells at G phase or at other phases of synchronized cells were used as the substrate for reaction with the above sera. These cells were cytocentrifuged on to glass slides and fixed in acetone for 10 min at room temperature. Acetone fixation had been used previously in studies concerning Sm and nRNP and did not affect the reactivity of these nuclear antigens (3) . Cytocentrifugation allowed for a flat preparation of cells so that problems with rounding or uneven thickness of cells was minimized. The cell smears were reacted with autoantibody-containing sera in the indirect immunofluorescent staining technique as described previously (3) . Fluorescein isothiocyanate-labeled goat antihuman fraction II antiserum was used as the final reagent and had the following characteristics : fluoresceinisothiocyanate (FITC) 132Ag/ml, protein 14 mg/ml, antibody activity 8 U/ml, and plateau end-point V64 dilution (20) . The FITC-labeled antiserum was used at a dilution of '/,v in PBS.
RESULTS
The results of synchronization of WiL-2 cells after densitydependent arrest are shown in Fig . 2 . In the first 6 to 8 h, >90% of the cells were in a phase preceding DNA synthesis. The period of DNA synthesis began at -10 h and reached its peak by 16 to 18 h. Thereafter, there was a fall in DNA synthesis, but significant numbers of mitotic cells did not appear until 22-24 h of culture. From these observations, it was ascertained that the period up to 8 h after release from density-dependent arrest represented the G, phase of the cell cycle . For immunohistochemical staining, Go phase cells were taken as those immediately after release from density-dependent arrest. G, phase cells were taken at 4 to 8 h of culture, S phase cells at 16 to 18 h (peak of DNA synthesis), and G2 /M phase cells at 22 to 24 h of culture.
The observations using antibody to Sm antigen are shown in Fig . 3 . In the Go and G, phase cells, Sm nuclear antigen was distributed in a densely speckled pattern in the nucleoplasm with relatively little in the nucleolus . In the S phase cells, the nuclear staining assumed a lacework pattern, and the distinction between nucleolus and nucleoplasm was not as clear as in the Go and G I phase cells . Sm antigen appeared to have migrated from the nuclear region into the cytoplasm in G2 . In this photomicrograph, the larger cells (arrows) are cells in mitosis whereas the smaller cells were presumably in G2 phase of the cell cycle preceding mitosis . The mitotic cells were confirmed by phase contrast microscopy in this and other studies reported below .
The observations with antibody to nRNP are illustrated in Fig. 4 . The staining was restricted entirely to the nucleoplasm in the Go, G,, and S phase cells. It is apparent in all these photomicrographs that the nucleolus was unstained . Further, in the G2 phase of the cell cycle, nRNP is still present in the nucleoplasm except during mitosis (arrows pointing to two cells) where nRNP antigen appears to be present in clumps in the periphery of the cell.
The observations with antibody to SS-B antigen are shown in Fig. 5 . This antigen was also predominantly a nuclear antigen. An interesting finding was that, at the G, phase, there was strong nucleolar staining which was not observed at other phases of the cell cycle. The nucleolar staining was associated with speckled nucleoplasmic staining. During S phase, the antigen was largely gone from the nucleolus and was again predominantly a nucleoplasmic antigen as in the Go phase. In FIGURE 3 Fluorescent photomicrography of anti-Sm staining on synchronized WiL-2 cells at different phases of the cell cycle labeled Go, G1, S, and G2/M . In Go and G 1 , Sm was present in the nucleoplasm with relatively little in the nucleolus . In the S phase, it assumed a more lacework pattern, and the contrast between nucleolus and nucleoplasm was not as distinct . In the M phase, Sm antigen appeared to be aggregated in the peripheral regions of the cells, away from condensing chromosomes . In this picture ( G2/ M), three cells were in mitosis (arrows) but the majority were in G . x1200 .
656
THE JOURNAL OF CELL BIOLOGY " VOLUME 91, 1981 FIGURE 4 Fluorescent photomicrography of anti-nRNP staining on synchronized WiL-2 cells. In Go, G,, and S, localization of n-RNP in nucleoplasm and relative absence in nucleolus was apparent . In G2/M, n-RNP was still in nucleoplasm . In two cells in mitosis (arrows), n-RNP appeared in clumps in the periphery of the cells. x1200.
the Gz phase, the antigen was also mainly nucleoplasmic in location. In mitotic cells (arrows), the antigen appeared to be widely distributed (Fig . 5) . Because the G, phase cells were taken over a timespan from 4 to 8 h after release from densitydependent arrest, and the S phase cells were taken 8 h later at the peak of DNA synthesis, it was decided to examine the cells at more closely spaced intervals to determine the precise timepoints when the SS-B antigen appeared in the nucleolus . WiL-2 cells were harvested every 2 h and the percent of cells with strong nucleolar staining was determined . The peak time for the appearance of SS-B antigen in the nucleolus was between 6 and 14 h of culture, a period encompassing late G, and early S, the latter associated with the steep upward slope of thymidine uptake or DNA synthesis (see Fig. 2 ). To confirm this observation, WiL-2 cells were synchronized by double thymidine block . After release from block, the cells entered immediately into the S phase. By 6 to 8 h, thymidine incorporation had peaked, and this was followed by a fall in thymidine uptake . When these cells were harvested at 2-h periods and studied with anti-SS-B sera, cells with strong nucleolar staining were shown to be present during the early S phase of the cell cycle (0 to 4 h). Both these observations, therefore, confirmed that the SS-B antigen, unlike the Sm and nRNP antigens was present not only in the nucleoplasm but was highly concentrated in the nucleolus at a period consistent with late G, and early S phases of the cell cycle .
A composite photomicrograph of these findings is presented in Fig. 6 . Representative cells from density-dependent synchronization were used in this composite picture . Although Sm, nRNP, and SS-B antigens all displayed speckled patterns of nuclear staining in the Go phase cell, variations in the morphology of staining were apparent. There may be some cytoplasmic staining for SS-B antigen in Go cells but it was of low intensity as visualized by microscopy . In the G, phase (more correctly, late G, and early S, as described above) of the cell cycle, there was strong staining for SS-B antigen in the nucleolus. At peak S phase, it is possible that the Sm antigen was also present in the nucleolus, because the margins between nucleolus and nucleoplasm could not be clearly separated . The different patterns of staining for the three antigens in the M phase of the cell cycle is quite apparent .
DISCUSSION
A limitation concerning the present study is the use of whole sera as antibody reagents, although the sera were carefully selected and appeared operationally to be monospecific . The data would need to be confirmed by other investigators, using other sera or reagents such as specifically purified antibodies or monoclonal antibodies when these are available .
In an earlier study (3), WiL-2 cells were probably not synchronized as closely as in the present study and Sm antigen was thought to be both nuclear and cytoplasmic in G, phase. In the present study we have consistently observed Sm to be strictly nuclear in Go , G,, and S phases . Earlier clinical investigations provided some information concerning the immunochemical characteristics of Sm, nRNP, and SS-B antigens . Sm antigen like many nonhistone nuclear proteins was eluted from DENG ET 4r . lmmunofluorescent Localization of NuclearAntigens FIGURE 5 Fluorescent photomicrography of anti-SS-13 staining on synchronized WiL-2 cells. In Go, fine speckles were found in the nucleoplasm . In G,, there was prominent nucleolar staining associated with speckled nucleoplasmic staining in contrast to what was found for Sm and n-RNP. In the S phase, nucleolar staining had almost disappeared but nucleoplasmic staining persisted . In G2/M, SS-13 antigen was still present in the nucleoplasm . In two mitotic cells (arrows), the antigen was sparsely distributed in the cell periphery. x1200. DEAE columns at a salt concentration of -0.30 M NaCl. It showed anodic mobility in electrophoresis under neutral or alkaline conditions (3) . It showed a rather heterogeneous molecular weight distribution, varying from 70,000 to 150,000 . The antigenicity of Sm was not destroyed by digestion with DNase or RNase and was relatively resistant to trypsin digestion (3, 21) . On the other hand, the antigenicity of nRNP was readily destroyed by either RNase or trypsin, but like Sm antigen was resistant to DNase digestion . This and other observations led to the conclusion that the RNP antigen was likely to be an RNA-protein complex . The difference in enzyme susceptibilities of the Sm and RNP antigens has been the basis of a number of diagnostic tests that separate the respective identities of the two antibodies. It has also been observed in physicochemical studies that Sm and nRNP antigens appear to cofractionate in many isolation procedures using DEAE column chromatography, gel filtration, and sucrose density gradient studies (3, 21, 22) .
Recently, Douvas et al (10) used biochemical techniques to partially purify nRNP from rat liver nuclei, and a final isolation 658 with antibody affinity columns. They showed that RNP antigen was composed of polypeptides of mol wt 13,000 and 30,000 . No Sm antigen activity was present in this isolated material . Lerner and associates (13) used immunoprecipitation as a technique to isolate precipitating antigen from an extract of sonicated nuclei from Ehrlich ascites cells. They found that sera with either anti-Sm or anti-RNP activity both precipitated the same seven polypeptide bands identified by gel electrophoresis . These seven polypeptides varied from 12,000 to 35,000 mol wt . In addition, Lerner et al showed that anti-RNP specifically precipitated U, species of small nuclear RNA (snRNA), whereas anti-Sm precipitated U, snRNA as well as Uz , U,, U5 , and Us snRNAs .
Antibody to the SS-B antigen has been also described as antibody to La and Ha antigens (11, 12, 23) . The SS-13 and Ha antigens have been characterized as intranuclear antigens (5, 6, 11, 12) , whereas, the La antigen has been described as a cytoplasmic antigen (23) . Further, the SS-B and Ha antigens were reported to be protein on the basis of resistance to DNase and RNase, but susceptibility to trypsin (5, 6, 12) . The La antigen, however, was described as cytoplasmic and consisted of an RNA-protein complex because its antigenicity was destroyed by either RNase or trypsin (23) .
The above discussion points to the controversial nature of the reported findings concerning the characteristics of these nuclear antigens. Some of the differences in the findings may be related to the fact that the nuclear antigens may be present in the native state as molecules associated with one another in larger-complexed particles . In a previous study, it was shown that the Sm protein had DNA-binding property and bound more tightly to single-strand DNA than to double-strand DNA (24) . Although binding to RNA was not studied, it is possible that Sm protein might bind to RNA molecules in the cell nucleus, and at least some Sm molecules may be associated with RNA protein complexes. Therefore, in immunoprecipitation studies where whole cell extracts were used as the source of antigen, immunoprecipitation with either anti-Sin or antinRNP might isolate-similar packages of RNA and proteins. This might partially explain some of the findings discussed above . The study with synchronized cells reported in this paper suggests approaches that might resolve some of these differences . For the Sin and nRNP antigens, some differences are observed in the distribution patterns of these antigens during Go, G,, and S phases of the cell cycle . A more striking difference in cellular distribution is observed during G2/M phase of cell cycle . At G2/M, the Sm antigen appears to have migrated away from the area of nuclear chromatin condensation, whereas, the RNP antigen appears to be located at the periphery of chromatin condensation and may indeed be still associated with chromatin (Figs. 3, 4, and 6 ). These observations clearly suggest that the Sm and nRNP antigens are involved in a dynamic fashion with intracellular growth and division. It also points to the fact that the nature ofthe nuclear antigens may be critically related to the phase of the cell cycle. The observations concerning the SS-B antigen are even more striking. During the late G,/early S phase, the SS-B antigen was predominantly nucleolar in location as compared to the Go and late S phases when it was nuclear in distribution (Figs . 5, and 6) .
The current studies suggest that immunoprecipitation for the isolation and characterization of nuclear antigens should be performed in synchronized cells, because at different phases, antigens may exist as complex molecular assemblies or possibly as separate components . In addition, it is possible that information may be obtained concerning the function of some of these nuclear antigens by analysis of its association with other nuclear macromolecules during different phases of the growth cycle . Already the studies of Lerner and associates (13, 14) have suggested a splicing function for the U, snRNA, precipitated by antibody to nRNP. Because phases of the cell cycle can be correlated with DNA, RNA, and protein synthesis or 660 THE JOURNAL OF CELL BIOLOGY -VOLUME 91, 1981 DNA replication, the use of synchronized cells might help in elucidating functional roles for these nuclear antigens .
